The mathematical model will be able to predict the operated condition (required tube diameters, heat input. and submergence ratio….). That will result in a successful bubble pump design and hence a refrigeration unit In the present work a one-dimensional two-fluid model of boiling mixing ammonia-water under constant heat flux is developed. The present model is used to predict the outlet liquid and vapor velocities and pumping ratio for different heat flux input to pump. The influence of operated conditions such as: ammonia fraction in inlet solution
Introduction
A diffusion-absorption refrigeration cycle or a pumpless vapor absorption refrigeration cycle holds a great significance in noiseless refrigeration applications. The diffusion-absorption cycle relies on a bubble pump to pump the solution from the absorber to the boiler [1, 2] . A bubble pump is a fluid pump that operates on thermal energy to pump liquid from lower level to the higher level.
Heat applied to the pump causes formation of bubbles and the density of strong solution in the vertical pump tube is reduced so that the solution is forced to the top by the static head of solution in the absorber vessel. The vapor which is released by boiling the solution will eventually become the condensed refrigerant, and its mass rate will dictate the refrigeration capacity of the refrigerator. According to established theory of absorption *nCorresponding author; e-mail: aahmiden@yahoo.fr THERMAL SCIENCE, Year 2011, Vol. 15, No. 3, refrigeration, this mass rate of refrigerant is supported by the circulation rates of the strong and week solutions and their concentration difference [3] .
The experiments and theoretical considerations showed that, for a specific heat input, the diameter of the lift tube has no effect on the pumping rate if the pump is running in the slug or churn flow regimes [4, 5] . When the maximum lift-tube diameter is exceeded, the flow pattern changes from slug flow to an intermittent churn-type flow [5, 6] . After a certain pumping height is exceeded, the pumping action stopped.
Pfaff et al. [7] studied the bubble pump with a lithium bromide-water vapor absorption cycle. They developed a mathematical model using the manometer principle to evaluate the bubble pump performance. They found that the pumping ratio is independent of the heat input. However, the frequency of the pumping action increases as the heat inputs to the bubble pump increases, or if the tube diameter decreases. The model was then used to analyze an ammonia-water system and it was found that the diameter that maximizes the efficiency of the bubble pump is between 4 mm and 26 mm for a liquid pumping rate between 0.0025 kg/s and 0.02 kg/s. However, the efficiency rapidly decreases when diameters below the optimum values are used; therefore it is recommended that the diameter should be slightly larger than the optimum value.
To increase its refrigeration capacity, a multiple lift-tube bubble pump can be used, in order to increase the volume flow rates of the fluids, which are directly related to the amount of refrigerant produced. Vicatos et al. [3] testing on a diffusion-absorption plant using a multiple lift tube bubble pump, and the effects of additional tubes on the system's performance have been recorded. Although a full range of heat inputs could not be implemented, because of the limitations of the components of the unit itself, it was observed that the refrigeration cooling capacity was increased without a significant drop in coefficient of performance (COP). It was concluded that the multiple lift tube bubble pump has no limitation to the fluid flow rate and depends solely on the amount of heat input. This gives the freedom to design the lift tube pump according to the refrigeration demand of the unit, and not the other way round which is the current approach by the manufacturers world wide.
The bubble pump model presented by Delano [8] assumed that all flow takes place in the slug flow regime. At first, it may seem that a pump tube with a larger diameter would always be advantageous. However, increasing the diameter when the liquid flow is constant will eventually cause the assumed slug flow to change to bubbly flow. Delano concluded that increasing the heat input to the bubble pump for a fixed submergence ratio increases the flow rate of the liquid through the bubble pump to a maximum and any further increase in the heat input decreases the liquid flow rate. White [9] showed a rapid decrease in efficiency when the diameter drops below a particular value. A numerical and experimental study of convective boiling of a binary organic solution in a vertical tube was conducted by Levy et al. [10] . They obtained a detailed description of the flow characteristics. The influence of the heat source and operating pressure on the flow characteristics was examined both numerically and experimentally. Jakob et al. [11] reported that the indirectly heated generator with its bubble pump is the main new feature of a solar heat driven ammonia-water diffusion-absorption cooling machine and that all the prototypes constructed performed well. The performance of three diffusion absorption refrigeration (DAR) systems, which differ in their generator and bubble pump configuration, was studied numerically by Zohar et al. [12] . They showed that the configuration that integrated both the generator and the bubble pump is of great interest. An experimental investigation of an air-cooled diffusion-absorption machine operating with a binary light hydrocarbon mixture (C 4 H 10 /C 9 H 20 ) as working fluids and helium as pressure equalizing inert gas is presented by Ben Ezzine et al. [13] . The experimental results show that the bubble pump exiting temperature as well as those of the major components of the machine but the absorber is very sensitive to the heat power inputs to the bubble pump. For bubble pump heat inputs from 170 to 350 W, the driving temperature varies in the range of 120-150 °C.
Except of Levy et al. [10] , most of the models reported in the literature for two--phase flow in a bubble pump, use the Beattie and Whalley's method [14] and the drift flux method (Zuber and Findlay [15] ) to calculate the two-phase friction factor and the gas void fraction, respectively. The difference between these models is the value of the coefficients used in the drift flux model.
In the recent decades, significant developments in the two-phase flow formulation have been accomplished by introducing and improving the two-fluid model. The two-fluid model can be considered the most detailed and accurate macroscopic formulation of the thermo-fluid dynamics of two-phase flow [10, [16] [17] [18] . This model treats the general case of modeling each phase or component as a separate fluid with its own set of governing balance equations.
In the present study, the bubble pump was a vertical uniformly heated tube with an ammonia-water mixture. A numerical study based on two-fluid model was carried out to investigate the influence of heat flux input in the bubble pump, for different operating conditions such as tube diameter, ammonia fraction in solution and inlet pressure on the optimum heat flux input in the bubble pump.
Mathematical modeling
The diffusion-absorption refrigeration cycle consists of a generator bubble pump, an absorber, an evaporator and a condenser, and usually operates with ammonia/water/hydrogen or helium as working fluid. Figure 1 shows the main components of an absorption-diffusion refrigeration cycle and flow configurations in the bubble pump [19] .
In the diffusion-absorption cycle, the bubble pump is a heated tube that lifts fluid from a lower reservoir to a higher one ( fig. 1 ). The generator configuration is of great importance. Heat is usually supplied at the bottom of the tube [3, 7, 9] . In the present work, heat is applied along all the tube length. This configuration of the bubble pump has two advantageous. First, it increases the COP of the cycle using minimum heat as possible and desorbing as much refrigerant as possible [12] . Second, it can be heated using solar thermal energy by integrating the bubble pump tubes and the solar collector [11, 20, 21] .
In the present work, the two-fluid model was used for the two-phase flow region considering the hydrodynamic non-equilibrium between the liquid and vapor phases. The flow configuration was not limited to the slug regime [8, 9] , starting as bubbly and ending as annular ( fig. 1 ).
The two-fluid model
The liquid and vapor superficial velocities and the void fraction throughout the tube are predicted using a 1-D two-fluid model. In the two-phase region, the general conservation equations of mass, momentum, and energy were formulated by Ishii et al. [22] . For the steady-state with negligible kinetic and potential energy, the conservation equations are reduced to the following equations: phase mass equations
phase momentum equations
Interfacial momentum transfer
The drag force, F LG , is modeled according to Richter [23] :
where C¢ is a virtual mass coefficient taken as: C ¢ = 0.5 for bubbly flow, and C ¢ = 0 for other flow regimes. The interfacial friction factor C FI is taken as: 
In the churn turbulent flow with a medium void fraction between the bubbly and annular flow, C FI is interpolated linearly with the void fraction between the two values given in eq. (7).
The drag coefficient for a single bubble C D in eq. (7) 
where
The interfacial momentum transfers F GI and F LI caused by the mass transfer can be determined from eqs. (3) and (4) while the liquid evaporates. The force associated with this velocity change is described by the following terms:
where is the phase distribution factor, according to [18] = 0.5 for bubbly flow and = 0 in the other flow regime. The wall-liquid friction F WL is modeled by Chisholm's correlation [24] because it fits Baroczy's advanced empirical correlation curves quite well and takes into account the effect of mass flux on the friction pressure gradient. The correlation is expressed by the following set of equations:
where DP Lo is the single-phase friction pressure drop that would exist if the total mass flow of the two-phase mixture flowed as a single liquid phase and it is given by:
where n = 0.25 for the Blasius equation, and
Coefficient B in eq. (13) is denoted as:
and the true vapor mass quality is expressed as: The heat transfer rate q e due to evaporation can be modeled by the following equation:
where C 1 and C 2 were estimated by Hainoun et al. [25] : 
where h sp is the single liquid phase heat transfer coefficient given by:
Re L is the Reynolds number in the liquid phase expressed by:
The wall temperature T w is calculated from:
Heat transfer coefficient in boiling two-phase flow is a function of many parameters such as mass flow rate and heat flux [26] . The method for expressing the forced convection boiling heat transfer coefficient h tp is derived from Chen's well-known correlation [27] . The convective boiling heat transfer coefficient can be expressed as the arithmetic summation of the two-phase convection contribution h cv and the boiling contribution h nb : 
The factor F represents the acceleration effect of liquid due to vapor shear stress. The pool boiling heat transfer coefficient h npb is computed for the same value of wall super heat as for forced convective boiling. The factor S represents the suppression of nucleate boiling due to the liquid flow.
Several correlations have been proposed for calculating F, S, and h npb . In this paper we have used Chen's correlation [27] 
Numerical resolution
Equations 1 to 5, which govern the evaporation of refrigerant flowing in the vertical tube, have five unknown parameters, namely , u L , u G , P, and h L . To solve this set of equations numerically, the tube was divided into infinitesimal sections. The heat flux, q w , and the following inlet operating conditions for the refrigerant were considered: inlet saturation pressure or inlet mixture temperature, mixture mass flow rate, and inlet flow quality. The equations were solved using the fourth order Runge-Kutta method and for operated conditions illustrates in tab. 1.
The mixture is assumed to be saturated in inlet of bubble pump tube. The correlation between P-T-x, for the liquid phases, is given by Bourseau et al. [28] . The density of the liquid mixture is calculated according to Tiliner-Roth et al. [29] . The vapor density and the enthalpy are only depended on the pressure: 
Model validations
To validate the two-fluid model presented a comparison of the calculated values for void fraction vs. vapor quality using this model was compared with those obtained from three other models: homogenous model, Rouhani and Axlesson drift model [30] and Zivi annular model [31] .
It can be observed in fig. 2 that the numerical values achieved in the present work show similar trend to the results of other models. For void fractions lower than 0.6 there is a great similarity between the calculated values using Rouhani and Axelsson's correlation and our results, being the absolute deviation between 1.3 and 8.0%. For void fractions above 0.6, the absolute deviation is larger and can reach 17.0%. Regarding the Zivi's model, which is applicable for annular flow regime ( > 0.8), it gives values very close to our simulation results. The absolute deviation of this model does not exceed 5.5% and may decrease to 0.37%. The difference deviation between the values from the homogenous model and our numerical results is significant. This is due to the fact that in the homogenous model it is assumed that both liquid and vapour phases are flowing with the same velocity, which is not the case in our model as well as in practice.
Simulated results

Liquid velocity
The influence of heat input in the different operating conditions on the outlet liquid velocity is shown in fig 4. The outlet liquid velocity presents the same behavior in the three figures. It increases, reached a maximum and then decrease. This behavior is explained by the change of flow regime of slug to churn. Using a higher heat input results in increased desorption i. e., a reduction in refrigerant concentration at the tube exit, resulting, in turn, in a higher gas volume fraction and in increasing velocities and temperatures of the gas and liquid phases [10] . The influence of the operating pressure on liquid velocity is shown in fig. 3(a) . For any fixed inlet pressure value, the outlet liquid velocity increases with increasing heat flux, reaches a maximum, then decreases. Inversely, for a fixed heat value (namely for all q w 5 kW/m 2 ), the outlet liquid velocity increases with the operating pressure. This is explained by the increasing of the vapor density, resulting, in turn, a reduction of the vapor velocity. Figure 3 (b) presents the outlet liquid velocity evolution vs. heat flux for five different tube diameters at a constant operating pressure of 15 bar and ammonia fraction in inlet solution of 0.4. For tube diameters, namely, 4 and 6 mm, the liquid velocity increases, reaches a maximum and then decreases. But it increases for a diameter exceeds 8 mm. The value of heat flux that corresponds to the maximum liquid velocity depends on tube diameter. The heat flux required to produce the maximum liquid velocity is about 15 kW/m 2 for 4 mm and 25 kW/m 2 for a 6 mm tube diameter. While for 8, 10, and 12 mm tube diameter, maximum outlet velocity was not achieved for the range of operating heat input. As the tube diameter increases, the frictional pressure drop decreases and the occurrence of the maximum liquid velocity is shifted to the right side, i. e., to the higher heat input side.
The variation of the outlet liquid velocity with the heat input for a constant tube diameter of 6 mm, constant inlet pressure (P in = 15 bar) and different ammonia fraction in inlet solution is shown in fig. 3(c) . As can be seen, for all ammonia fractions, the maximum liquid velocity is obtained for heat flux about 25 kW/m 2 . The outlet liquid velocity increases with ammonia mass fraction for any fixed heat flux. This is due to the fact, the saturation temperature increases with the ammonia fraction. 
Vapor velocity
The effect of heat flux on vapor velocity is presented in fig. 4 . They show a linear increasing of outlet vapor velocity with the heat flux. The variation of the outlet vapor velocity vs. heat flux presents for all studied conditions, similar shapes. The outlet vapor velocity decreases if tube diameter increases, fig. 4(c) . This is related to the increase in the hydraulic load in tube. Same behavior is shows for different inlet pressure and different ammonia fraction, figs. 4(a) and 4(b).
Pumping ratio
The pumping ratio R p is the ratio of liquid velocity (u L ) to vapor velocity (u G ). The variation of the pumping ratio with the heat flux for different inlet pressure values is plotted in fig. 5(a) , at different ammonia fraction values is given by fig. 5(b) and for different tube diameters, is shown in fig. 5(c) . From theses curves, the general behavior of the pumping ratio with respect to the heat flux seems similar. The evolution of pumping ratio vs. heat input at different operating conditions presents a maximum. This which gives the optimal value of heat flux input. Indeed, the optimal value of heat flux is the value that corresponds to a maximum pumping ratio.
Figures 5(a) and 5(b), show a low dependence of pumping ratio with inlet pressure and ammonia fraction. For these parameters, the maximum pumping ratio is obtained for a . However, the variation of the tube diameter has a significantly affects on the pumping ratio. Figure 5(c) shows that for the small diameters (D = = 4 and 6 mm), the maximum pumping rate is reached at a lower heat flux, ranging between 3 and 5 kW/m 2 . It increases when the tube diameter increases (10, 15, and 17.5 kW/m 2 for D = = 8, 10, and 12 mm, respectively). However Pfaff et al. [7] showed that the pumping ratio is independent of heat input for a rung tube diameter between 10 and 18 mm, which is due to the fact, there's no transition flow regime for the tubes diameters studied. They showed an increase with driving head, a result indicates a transition regime.
As can be see, a certain minimum heat input denoted (Q min. ) is required for the pump to operate. Before Q min. was reached, the driving force was not sufficient for pumping action. The mixing ammonia-water boiled off but the solution only oscillated in the pump without being conveyed to the boiler [7] . It is important to notice that for most significant diameters, the range of heat flux corresponding to maximum pumping ratio is broader. In fact, pumping ratio is slightly influenced by moderate variation of heat flux.
Conclusions
In the present work, the two-fluid model was used for the two-phase flow region of ammonia-water mixing, considering the hydrodynamic non-equilibrium between the liquid and vapor phases. On the basis of the numerical simulations, a detailed description of the flow Vapor velocity varies linearly with heat flux, whereas the liquid velocity and the pumping rate variations present a maximum values that depend on operating conditions. Inlet pressure and ammonia fraction does a stately influence on the parameters flow. The bubble pump optimum functioning are defined when the pumping ratio is maximal. The results shows, the value of heat flux corresponding to the optimal functioning are more influenced by tube diameter (3 kW/m 2 for a 4 mm of tube diameter and 5, 10, 13, and 17 kW/m 2 , respectively for 6, 8, 10, and 12 mm of tube diameter). It increase with tube diameter, but it's weak influenced by varying of inlet pressure or ammonia fraction. It is important to notice that for most significant diameters, the range of heat flux corresponding to maximum pumping ratio is broader. In fact, pumping ratio is slightly influenced by moderate variation of heat flux. 
